Abstract. Cortical dysplasia has a strong clinical association with epilepsy and mental retardation, but the relationship between alterations in cortical structure and function in dysplasia-related disorders is poorly understood. The cerebral cortex of irradiated rats, an experimental model of cortical dysplasia, was studied using cresyl violet-stained sections and the GolgiCox method. The irradiated cortex is characterized by reductions in size, volume, and number of neurons and fibers reflecting the original lethal injury to neuronal precursors. Consequently, only neurons that survived this injury were able to continue their, albeit altered, development. The result is an altered corticogenesis characterized by neuronal, fiber circuitry, and microvascular alterations. Abnormal aggregates (nodules) of excitatory pyramidal neurons with altered dendritic profiles and functional territories are found between 200 and 400 m from the pial surface. Their horizontal dendritic profiles and functional territories contrast with the vertical (columnar) dendritic profiles and functional territories of normal pyramidal neurons. This horizontal concentration of spiny dendrites and, hence, of excitatory synaptic contacts suggests a response to the presence of an abnormal horizontal plexus of afferent fibers terminals. Stellate neurons, some morphologically compatible with inhibitory basket cells, are also essential components of these nodules. Some neuronal nodules are characterized by a rich plexus of anastomotic capillaries that contrasts with the sparser vasculature of surrounding gray matter tissue. The presence of wellvascularized aggregates of altered pyramidal and inhibitory neurons suggests a high level of metabolic activity. Well-vascularized deep heterotopias are also found. We propose that the functional activity of well-vascularized neuronal nodules and heterotopias could play a role in the abnormal cortical function in this model.
INTRODUCTION
Developmental cortical dysplasia refers to a spectrum of clinical and experimental disorders characterized by an altered corticogenesis that may include alterations in neuronal generation, migration, destination, morphology, synaptic profiles, intrinsic circuitry, and programmed cell-death (1) (2) (3) (4) (5) . Clinically, cortical dysplasia has a strong association with epilepsy and mental retardation (6, 7) . In spite of intensive research into of these disorders, the nature, significance and possible functional impact of the altered morphology and organization of altered cortical neurons remain elusive. To elucidate some of these neuronal parameters, we investigated a well-documented experimental model of irradiation-induced cortical dysplasia using the Golgi-Cox method.
Concerns with possible deleterious effects of x-ray diagnostic procedures to the unborn child initiated a series of studies on the effect of low-level radiation on embryonic brain development in rats that resulted in cortical dysplasia (8) (9) (10) (11) . Direct and delayed effects have been proposed to explain the cytoarchitectural alterations in irradiation-induced cortical dysplasia (10, 12, 13) . The direct effect is considered to damage the cortex matrix (generative) zone causing ''in situ'' destruction of some neuronal precursors, radial glia and immature, migrating neurons (14) (15) (16) . Microcephaly and the generalized neuronal and fiber reduction found in the cortex of irradiated animals are considered to be the consequences of the original lethal injury to neuronal precursors (10, 12, 13) . Conversely, delayed effects may interfere with the migration, destination, morphological differentiation, and functional maturation of neurons that survived the original lethal insult (17) . These delayed effects are considered to be responsible for the altered corticogenesis that characterizes irradiation-induced cortical dysplasia. While most investigators believe that delayed effects play a significant role in the pathogenesis of cortical dysplasia, no agreement has been reached concerning their possible nature. Are they the result of persistent radiation changes at the cellular level that continue to interfere with the cortex normal development? Or, are the cytoarchitectural alterations the result of the ongoing postinjury reorganization of the damaged cortex and, thus, a secondary developmental effect of the original irradiation injury?
In the experimental model studied herein, the cortical organization of the irradiated cortex is not only altered (dysplastic) but it shows, in vivo, an increased susceptibility for seizures (18, 19) and, in brain slices, functional hyperexcitability and reduced inhibition (20) (21) (22) (23) . Moreover, some of the dysplastic alterations found in the cortex of irradiated rats are comparable to those found in the developing cortex of infants who survived perinatal ← ones, reflecting the timing of irradiation. The size of some neurons is larger in the irradiated than in the untreated cortex. The interstitial neurons of the white matter are more prominent in the irradiated than in the untreated cortex and their number does not seem to be reduced. Layer I has scattered, displaced neurons and focal subpial gliosis. B: Low-power photomicrographs (from cresyl-violet preparations) of the somatosensory cortex of irradiated (left) and control (right) rats illustrating comparatively the differences in their overall thickness, number of cells and span of the various laminations. Key: P ϭ pia, V ϭ ventricle, WM and W ϭ white matter, I, II, III, IV, V, VIa, VIb ϭ cortical layers, and V ϭ blood vessels. Scale ϭ 100 m per division. brain damage; many of whom, subsequently, developed epilepsy (24) (25) (26) (27) .
We used the Golgi-Cox method to study the altered corticogenesis of irradiation-induced cortical dysplasia at a cellular level and provide a better understanding of the morphological alterations involving the cortical neurons, intrinsic circuitry, neuroglia, and microvasculature. Another goal of this study was to assist in the search for possible correlates between cytoarchitectural alterations observed in experimental and clinical dysplasias with the Golgi method and, thus allowing their comparative evaluation (18, 19, (24) (25) (26) (27) .
MATERIALS AND METHODS
Pregnant rats received a single dose of 225 cGy of external ␥-irradiation from a linear accelerator source on the seventeenth day of gestation (E17). At this late gestational age, the generation and migration of neurons primarily destined for layer I and the lower (V, VIa, VIb) lamina have already taken place. Pups were born naturally, housed with their mothers, and weaned at postnatal day 21 (P21). Animals were maintained in accordance with IACUC guidelines at all times.
The postmortem studies of irradiated and untreated animals were carried out at age 6, 7, 8 and 10 weeks. The developing cerebral cortex of irradiated (n ϭ 65) and untreated (n ϭ 34) animals were studied using cresyl violet-stained material. All rats were anesthetized with isoflurane, followed by sodium pentobarbital (70 ml/kg, i.p.) and perfused transcardially with 0.9% saline, followed by 4% paraformaldehyde. Nine brains were studied at age 6 weeks, 16 brains at 7 weeks, 4 brains at 8 weeks, and 8 brains at 10 weeks. Four additional untreated brains were studied at each corresponding age. The fixed brains were anatomized in anterior, medial, and posterior sections. In general, anterior portions included motor and somatosensory cortex and the striatum; middle ones, included motor, somatosensory and parietal cortex, part of the hippocampus and the thalamus; and, posterior ones, the visual cortex, a large portion of the hippocampus and the thalamus.
The brains of 37 irradiated and of 16 untreated animals were prepared for the Golgi-Cox study using the triple solution recommended by Glaser and Van Der Loos (28) and maintained in the dark for 14 days. Afterward, the fluid was replaced with 30% sucrose solution and the brains were kept for 2 additional days. Coronal sections, about 200-m thick, were prepared using a Vibratome (Technical Products International, Inc., St. Louis, MO) (29) . A total of 185 sections from irradiated and 40 sections from control brains were studied. These included samples from all cortical regions. The thickness of Golgi-Cox preparations allowed the visualization, study, and reproduction (camera lucida drawings) of complete neurons; thus, permitting analysis of neuronal size, dendritic morphology, synaptic profiles, types (excitatory versus inhibitory), location, and structural inter-relationships. Thick Golgi preparations also enabled us to study the cortical intrinsic fiber circuitry, microvasculature (30) and neuroglia (31) and establish their interrelationships with adjacent neurons. Cortical measurements were made from cresyl violet and Golgi-Cox coronal sections through the somatosensory cortex. They included both the gray and white matter at this level. Measurements were also made of the maximal thickness of the corpus callosum from cresyl violet-stained coronal sections. Measurements were expressed as mean Ϯ standard deviation. Statistical comparisons were made using the Student t-test and significance was defined as p Ͻ 0.05.
RESULTS

Cresyl Violet Study
By the 6-to10-week end point, all irradiated animals were microcephalic. The cerebral cortex, despite reductions in size and volume, had a relatively normal external configuration and its basic anatomical features were recognizable. Hence, all cortical regions of these small brains seemed to be equally affected. In some brain sections, very small nodules compatible with heterotopias were detected between gray and white matter.
In all microcephalic brains, the thickness of the cortical gray matter, corpus callosum, and white matter were reduced, reflecting a generalized decrease in the number of neurons and fibers (Fig. 1) . Cortical thickness (gray and white matter) of the somatosensory cortex was significantly reduced in irradiated animals (1,097 Ϯ 142 m, n ϭ 15) compared to controls (1,744 Ϯ 153 m, n ϭ 15, p Ͻ 0.001). Similar thickness differences were found throughout other cortical regions. The irradiated cortex was further characterized by a disorganized and altered cytoarchitecture. While neuronal loss affected all cortical strata, it seems to be more pronounced throughout the upper (II-IV) cortical layers. The relative neuronal density of upper cortical layers is normally greater than that of lower ones and this relationship appeared to be reversed in irradiated cortex. In irradiated cortex, the thickness of the white matter and corpus callosum thickness were also reduced, perhaps reflecting the decreased number of afferent, efferent, and callosal fibers from missing neurons. The maximal thickness of the corpus callosum (at mid-portion below the interhemispheric fissure) was significantly reduced in irradiated animals (181 Ϯ 47 m, Despite these alterations, some degree of cortical organization was still recognizable in the irradiated cortex (Fig. 1) . Layer I, and its demarcation from layer II, were preserved throughout the entire cortex. A few displaced neurons were found scattered throughout layer I. No distinct demarcations were recognized between layers II, III, IV and, in some brains, even layer V was not clearly demarcated. In some irradiated brains, an incompletely formed granular cell layer (layer IV) was recognized in primary somatosensory, acoustic, and visual regions. In some irradiated brains, layer V was tentatively recognized by the large size of some of its pyramidal neurons. However, relatively large neurons were found scattered throughout all strata of the irradiated cortex (Fig. 1) . The demarcation between layers VIa and VIb was also unclear. In some irradiated brains, the interstitial neurons of the white matter, among the oldest cortical neurons, were quite prominent and their number did not appear to be diminished.
A nearly universal feature of the irradiated cortex was the formation of neuronal aggregates (nodules) throughout its upper (II-IV) layers (Fig. 1 ). These neuronal nodules were composed of pyramidal and stellate (nonpyramidal) neurons of variable sizes, were located within the gray matter tissue, and were easily differentiated from heterotopias. They were found at cortical depths ranging from 100 to 300 m from the pial surface. A relatively cell-free neuropil was often recognized around adjacent neuronal nodules (Fig. 1) . It has been proposed that the cell-free neuropil between nodules results from the selective columnar destruction of neuronal precursors by the early irradiation injury (32) .
Heterotopias of variable sizes and composition were detected in some irradiated brains. They consisted of ectopic globular neuronal aggregates with borders clearly distinguishable from the surrounding gray and/or white matter tissue. They were composed of closely approximated pyramidal and stellate (nonpyramidal) neurons. Both superficial and deep heterotopias were found. Superficial heterotopias were often located within layer I and were relatively small. It was sometimes difficult to distinguish them from the displaced neurons found in this layer. In contrast, deep heterotopias were located within the subcortical white matter and were larger and more conspicuous. Deep heterotopias were particularly prominent in motor and visual regions.
It should be pointed out that most of these cytoarchitectural alterations have been previously described using routine staining procedures and they are well documented in a variety of studies of irradiation-induced cortical dysplasia (2, 8-13, 16, 17, 21, 32-34) . They are described and illustrated herein to aid in the evaluation of the Golgi-Cox findings. To further ascertain the relative size, types, distribution, morphology, dendritic patterns, synaptic profiles, and organization of neurons in irradiated versus untreated cortex, the use of the Golgi-Cox method was required. This method also allowed us to ascertain the normal and/or altered interrelationships among neurons, glia, and intrinsic microvasculature in irradiated versus untreated cortex.
Golgi-Cox Study
Although isolated Golgi observations of irradiation-induced cortical dysplasia have been reported (8, 13, 17) , the present Golgi-Cox study represents a more detailed account of its altered corticogenesis that is characterized by nearly universal neuronal, fibrillar, and microvascular alterations. While many alterations represent minor changes that were difficult to assess, there were also major ones with possible functional implications. Only those alterations that were considered to be essential and consistent features of this model's altered corticogenesis are described. Because pyramidal (excitatory and long-circuit) and basket (inhibitory and local-circuit) neurons are easily identifiable in Golgi-Cox preparations, their size, location, dendritic profiles, and synaptic contacts were the primary focus of this study. These neurons have distinctive morphological features, are structurally and functionally interrelated, are found throughout most cortical layers, and play a fundamental role in the control of the animal's motor activity (35) (36) (37) (38) ) that seems to be compromised in some irradiated animals (19) (20) (21) (22) (23) .
The Golgi-Cox study confirmed the diminished thickness and volume of the cortex gray and white matter described in the cresyl-violet study (Fig. 1) . In Golgi-Cox preparations, the thickness of the somatosensory cortex (gray and white matter) of irradiated rats (883 Ϯ 145 m, n ϭ 15) was significantly reduced compared to controls (1,493 Ϯ 194 m, n ϭ 15, p Ͻ 0.001). The primary motor cortex was slightly thicker in both irradiated and untreated rats. The overall neuronal organization of the irradiated cortex was also altered. Relatively large pyramidal and stellate neurons were found at most cortical levels. Neuronal bodies were rarely aligned horizontally, as it occurs in the untreated cortex, and there were no clear demarcations among the various cortical strata.
Layer I, the oldest cortical lamina, was recognizable throughout the entire cortex. Its rich intrinsic neuropil, composed of horizontal fibers, the terminal dendritic bouquets of pyramidal neurons, isolated Cajal-Retzius cells, small intrinsic neurons, and the terminals from some afferent fibers, was recognized in some preparations. Displaced extrinsic neurons, either isolated or in small groups, were found in some areas of layer I. Most displaced neurons were excitatory pyramidal neurons with disoriented spiny dendrites. A few displaced stellate (inhibitory) neurons with smooth spineless dendrites were also found in layer I. While a distinct separation between layers I and II was recognized throughout the entire irradiated cortex, no clear demarcations were distinguished among the remaining cortical layers. Layers II, III, and IV were grouped together into a complex lamina. In some irradiated brains, layer V was recognized by the large size of pyramidal neurons in motor and sensorimotor regions. Layers VIa and VIb were recognized by the abundance of small pyramidal neurons and the presence of so-called ''inverted'' pyramidal neurons. The descending spiny dendrites of these anomalous neurons reached considerable cortical depths.
In some irradiated brains, an incompletely formed layer IV composed of small granular cells and thalamic afferent fibers was recognizable in the primary somatosensory and visual regions. In one of these brains, well-formed vibrissae barrel fields were recognized in the primary somatosensory region (Fig. 2A, B) . Vibrissae barrels are small but distinct spherical neuronal aggregates, about 200 m in diameter, located between 200 and 400 m from the pial surface. They are composed of small neurons with somata located at the periphery and dendrites distributed toward the barrel's center (Fig.  2B ). In the irradiated specimen some neurons had dendritic spines while other were spineless. In a given barrel, the proportion of spiny and spineless neurons seemed to be similar. The axons of these neurons exited the barrel and could be followed for a short distance outside of it (Fig. 2B) . The barrel's surrounding gray matter tissue was composed of a variety of pyramidal and prominent stellate neurons ( Fig. 2A, B) . Vibrissae barrels were structurally similar in irradiated and untreated cortex. However, the number of barrels and the number of neurons per barrel appear to be diminished in the irradiated cortex. Vibrissae barrels have not been previously described in irradiation-induced dysplasias and some electrophysiological studies have failed to demonstrate their presence (33) .
The most distinctive feature of the irradiated cortex was the formation of neuronal aggregates (nodules) throughout its upper (II-IV) layers. These nodules were composed of altered pyramidal (excitatory) and stellate (inhibitory) neurons. Some pyramidal neurons were quite large (hypertrophic) and had altered dendritic profiles with long horizontal dendrites (Fig. 3A) . In some nodules, the spiny dendrites of pyramidal neurons tended to form clusters resulting in a local concentration of excitatory (axo-spinodendritic) synaptic contacts that suggested the presence, in that location, of an aberrant plexus of afferent fiber terminals. The long horizontal dendrites of the pyramidal neurons of a nodule often reached and penetrated adjacent ones. Consequently, the cell-free zone between nodules, described with the cresyl violet stain, was unrecognizable in Golgi-Cox preparations. Stellate (inhibitory) neurons were also invariably components of these nodules (Fig. 3A) . These neurons had long radiating ascending, descending, and horizontal spineless dendrites with fusiform dilatations. The morphology of some of them was compatible with that of inhibitory basket cells (35) (36) (37) . The intrinsic microvasculature of some of these neuronal nodules was quite rich in anastomotic capillaries and its organization often mimicked that of the neurons (Fig. 3B) . The concentration of anastomotic capillaries in some nodules contrasted sharply with the sparser vascularity of the surrounding gray matter tissue (Fig. 3B) . Stained capillaries were 7 to 8 m in diameter, had a smooth surface, and were components of a short-linked anastomotic plexus that was clearly and unmistakably recognized in the 200-m-thick Golgi-Cox preparations (Fig. 3B) . The capillary diameter was larger than that of any neuronal and/or glial process.
A significant observation was the presence of relatively large (hypertrophic) pyramidal neurons with altered dendritic profiles and functional territories (Figs. 4, 5) . Although altered pyramidal neurons were found throughout the irradiated cortex, they were particularly prominent in the motor, visual, and somatosensory regions. These neurons were either found isolated (Fig. 4A, C) , in small groups (Fig. 4B, D) , or incorporated into complex neuronal assemblages with numerous altered neurons (Fig.  5A, B ). These were projection (long-circuit) neurons with axons that, after giving off several collaterals, could be followed as they descended toward the white matter. Their somata were mostly located between 200 and 400 m from the pial surface (Fig. 5A, B) . However, some altered hypertrophic pyramidal neurons were found around 500 m from the pial surface (Fig. 4) . Some of these large pyramidal neurons were components of intracortical nodules.
The dendritic profiles of most of these altered pyramidal neurons were characterized by their predominant figure showing (A, B) photomicrographs and (C, D) corresponding camera lucida drawings of the morphological features of large excitatory pyramidal neurons with altered dendritic profiles of the visual (A, C) and sensory-motor (B, D) cortex, from Golgi-Cox preparations of irradiated, 7-and 6-week-old rats. The altered pyramidal neurons are characterized by their large size (hypertrophy), the predominant horizontal/oblique distribution of their long spiny dendrites, and the wanting of distinct apical dendrites. However, some dendritic terminals reach into layer I. The predominant horizontal distribution of these altered neurons dendrites contrasts sharply with the vertical (columnar) dendritic profiles of normal pyramidal cells. Most dendrites are distributed within a rectangular (horizontal) functional territory located between 100 and 300 m from the pial surface that represent a concentration of excitatory (axo-spinodendritic) synaptic contacts at that location. One relatively normal (unaffected) pyramidal neuron with a distinct apical dendrite and essentially vertical (columnar) dendritic profile is recognized in A, B) covers a large, roughly rectangular, functional territory located between 100 and 400 m from the pial surface that measures 1,600 m in length, 350 m in thickness, and over 200 m in width. This horizontal concentration of spiny dendrites and, hence, of excitatory (axo-spinodendritic) synaptic contacts implies the presence, in that location, of an aberrant plexus of horizontal afferent fiber terminals. Although these altered pyramidal neurons lack distinct apical dendrites, some of their dendritic terminals reach layer I. A number of stellate neurons (B), some of which are morphologically compatible with large (hypertrophic) inhibitory basket cells, are also seen. In the camera lucida drawing (B) of this neuronal assemblage, the stellate neurons are only outlined (unfinished) to simply indicate their size, number, and distribution. The pial surface is at the top of the figure. Scale ϭ 100 m.
horizontal/oblique distribution and by the absence of a distinct apical dendrite (Figs. 4, 5) . However, some of their terminal dendritic branches did penetrate into layer I (Figs. 4, 5) . The predominant horizontal distribution of the long spiny dendrites of these altered neurons contrasted sharply with the vertical (columnar) dendritic arbors and functional territories of normal pyramidal neurons. A relatively normal pyramidal neuron with a vertical dendritic profile and a distinct apical dendrite is depicted in Figure 4B , D (somatosensory cortex), surrounded by altered pyramidal neurons with essentially horizontal dendritic profiles and lacking distinct apical dendrites.
In large neuronal assemblages, the spiny dendrites of these altered pyramidal neurons crisscrossed each other and, together, they covered a large and roughly rectangular functional territory (Fig. 5A, B) . The size of the functional territory depended on the number of participating neurons and could measure from 700 to 1800 m in length and over 200 m in both thickness and width (Fig. 5A, B) . The horizontal distribution of spiny dendrites of large neuronal assemblages represents a concentration of excitatory (axo-spinodendritic) synaptic contacts at a specific cortical depth, delimits a functional territory, and implies the presence, at that location, of an aberrant plexus of afferent fibers terminals. These altered pyramidal neurons were invariably accompanied by stellate (inhibitory) neurons, some of which could also be quite large (Figs. 4, 5) . These stellate neurons were characterized by long, radiating spineless dendrites with fusiform dilatations (Fig. 4A, C) . The morphological features of some of them were compatible with that of large (hypertrophic) inhibitory basket cells. This nodular combination of hypertrophic pyramidal and hypertrophic stellate neurons represented a distinctive feature of this model of irradiation-induced altered corticogenesis (Figs. 4, 5) . This neuronal association of excitatory and inhibitory neurons suggests a functional, perhaps compensatory, interrelationship between them. The intrinsic microvasculature in some of these neuronal assemblages showed an increase in the number of anastomotic capillaries that suggested a vascular response to a possible enhanced functional activity.
Another important finding was the presence of ectopic gray matter heterotopias in some brains (Figs. 6A, B, 7) . They consisted of aggregates of closely packed pyramidal-like and stellate neurons clearly distinguishable from the adjacent gray or white matter tissue. Although these heterotopias could impinge, compress, and/or alter (focally) the organization of the adjacent gray matter tissue, they represent distinct ectopic neuronal aggregates. Both, superficial and deep heterotopias were found in the cortex of some irradiated brains.
Superficial heterotopias were relatively small and composed of a few altered pyramidal and stellate neurons. The pyramidal neurons were characterized by horizontal spiny dendrites oriented parallel to the pial surface. Superficial heterotopias could be indistinguishable from the small groups of displaced neurons of this lamina. In contrast, deep heterotopias were larger and more conspicuous (Figs. 6, 7 ). They were often located in the subcortical white matter and were particularly prominent in primary motor and visual regions (Figs. 6, 7) . Deep heterotopias were complex neuronal aggregates composed of excitatory pyramidal-like (functionally unconnected with layer I) and of inhibitory stellate neurons (Fig. 6A, B) . The pyramidal-like neurons had irregular and tortuous spiny dendrites that bent inwardly and branched within the heterotopia (Fig. 6B) . These spiny dendrites often clustered within a particular region, suggesting the presence, in that location, of a plexus of afferent fiber terminals (Fig. 6B) . These pyramidal-like neurons had long-circuit axons that, after giving off several collaterals, exited the heterotopia and penetrated into the adjacent white matter (Fig. 6B) . Afferent fibers from the adjacent white matter were also seen entering and branching within the heterotopia. Deep heterotopias received direct inputs from the adjacent white matter and sent inputs into it and, therefore, could function as independent entities away from the main functional pathways of the cortex. Inhibitory stellate neurons were also integral components of these heterotopias and could interact functionally with the excitatory ones (22) . Moreover, the intrinsic microvasculature of some deep heterotopias was quite rich in anastomotic capillaries (Fig. 7) . The size and organization of the heterotopia's capillary plexus often mimicked that of its neurons, suggesting a developmental response to its functional demands (22) . The heterotopia-supplying vessels were also abnormal and distinct from the intrinsic microvasculature of the adjacent cortex (Fig. 7) .
The interstitial (polymorphous) neurons of the white matter, in some irradiated brains, were often larger and had longer dendrites than in the untreated cortex. Some had long, spiny dendrites while others were spineless. Their large size suggested a postinjury response to the initial injury.
This model of irradiation-induced cortical dysplasia was further characterized by the presence of focal subpial gliosis and by the conspicuous absence of gray matter reactive gliosis. Sub-pial gliosis was characterized by reactive fibrous astrocytes with long filaments running parallel to the pial surface. Although sub-pial reactive gliosis has been often described in clinical cortical dysplasia and epilepsy, its etiology and possible implications remain unknown (24) . The lack of reactive gliosis throughout the gray matter suggests the absence of additional (acquired) destructive lesions in this model of irradiation-induced developmental dysplasia. In clinical cortical dysplasia, the presence of gray matter reactive gliosis often indicates the size and location of a previous destructive lesion (26) .
DISCUSSION
The present Golgi-Cox study has demonstrated that development (corticogenesis), neuronal morphology, neuronal organization, intrinsic circuitry, and microvasculature are all altered in irradiation-induced cortical dysplasia. These alterations are all interrelated, represent structural and functional postinjury adaptations of neurons that survived the original insult, and were acquired during subsequent cortical development. Some of these alterations are described herein for the first time.
A notable cytoarchitectural alteration of the irradiated cortex is the presence of large hypertrophic excitatory pyramidal neurons with altered dendritic profiles, functional territories, and the lack of distinct apical dendrites. The horizontal distribution of these neurons' spiny dendrites and functional territories contrast sharply with the vertical (columnar) dendritic profiles and functional territories of normal pyramidal neurons. The unique morphology of cortical pyramidal neurons has been maintained throughout mammalian phylogeny (38) . The stable morphology of pyramidal neurons depends on a variety of developmental processes that are common to all mammals. They include the retention of the original functional connections with layer I and the need to extend the length of the apical dendrite (without losing its functional anchorage to layer I or the cortical location of its soma) to accommodate the ascending formation of spines as functional contacts are sequentially established with later-arriving nonspecific thalamic, specific thalamic, callosal, and cortico-cortical afferent fibers (38) . Consequently, morphological alterations of the pyramidal neurons represent developmental adaptations to ongoing alterations in the cortical circuitry (i.e. postinjury rewiring).
Large and morphologically altered pyramidal neurons have been found throughout the irradiated cortex either isolated, in small groups, or as components of nodules and/or large neuronal assemblages. Most of them represent altered long-circuit projection neurons from layers V and, possibly, from layer III. We propose that their large size (hypertrophy) and long horizontal dendrites represent acquired adaptations to developmental anomalies of the irradiated cortical circuitry. The horizontal distribution of their long spiny dendrites often covers large rectangular functional territories characterized by a concentration, at a particular cortical depth, of a large number of excitatory (axo-spinodendritic) synaptic contacts. These altered pyramidal neurons appear to be responding structurally and functionally to the presence of an abnormal plexus of horizontal fiber terminals roughly between 200 and 400 m from the pial surface.
These altered pyramidal neurons are invariably associated with stellate neurons. The large size of some of them and their morphologic features are compatible with those of large inhibitory basket cells. The large size (hypertrophy) and the long spineless dendrites of these stellate neurons are also considered to be acquired structural and functional adaptations to modifications of the irradiated cortical circuitry. The association of large (hypertrophic) excitatory pyramidal neurons and large (hypertrophic) inhibitory basket cells is a distinctive feature of this experimental model with possible functional implications. The functional hypertrophy of inhibitory basket cells may reflect a compensatory response to the enhanced activity of altered excitatory pyramidal neurons (19, 21) . Alternatively, it could represent an attempt to compensate for the decreased numbers of inhibitory neurons that have been described in this model (39) .
Under normal and/or experimental conditions, excitatory pyramidal and inhibitory basket cells develop concomitantly and respond, structurally and functionally, to reciprocal functional demands. As long as the reciprocal activity between these 2 developing neurons is compensated, the excessive discharge of abnormal excitatory impulses may be prevented. However, if during development, a disruption of this functional compensation were to occur, the unregulated discharge of excitatory impulses from altered pyramidal neurons could result in seizures. This idea is further corroborated by recent experimental observations. The intrinsic hyperexcitability of the irradiated cortex becomes apparent when GABA-mediated inhibition is blocked (21) and the cortex further shows a reduction in the density of inhibitory neurons (39) as well as an impairment of inhibitory synaptic activity (20, 23) . Local functional imbalances between excitatory and inhibitory neurons could occur at any time during the postinjury development of clinical and/or experimental dysplasia, and this could result in an increased propensity for seizures and, eventually, in epilepsy.
An observation that further supports these propositions is that the intrinsic microvasculature of some nodules and neuronal aggregates of altered pyramidal neurons is extremely rich in anastomotic capillaries. The size and globular organization of this capillary plexus often mimic the nodule's size and neuronal organization and contrasts sharply with the sparser vasculature of the surrounding gray matter tissue. Some deep heterotopias also have a prominent microvasculature. The increased microvasculature of cortical nodules and heterotopias suggests a vascular response to enhanced functional activity. Well-vascularized neuronal aggregates and heterotopias could correspond with the foci of enhanced cortical excitability described in this model (20) (21) (22) (23) .
The presence of hypertrophic neurons with altered dendritic profiles is also a common finding in the developing dysplastic cortex of children that survive perinatal (hemorrhagic, hypoxic-ischemic, and/or traumatic) brain damage and who later develop seizures disorders (1, (24) (25) (26) (27) . Moreover, the presence of large altered neurons has been frequently described in epilepsy (40) (41) (42) (43) (44) (45) . Postinjury-acquired modifications involving neurons, fiber circuitry, and microvasculature described in clinical dysplasias have been considered to play a possible role in the pathogenesis of seizures disorders (25, 26) . However, the nature of possible mechanisms that cause the discharge of epileptic impulses from altered cortical neurons remains essentially unidentified. Perhaps, the occurrence of developmental functional imbalances between excitatory and inhibitory neurons could represent one of those mechanisms. Some electrophysiological observations in this model of irradiation-induced cortical dysplasia provide some support for this idea (19) (20) (21) (22) (23) . Further studies will be necessary to elucidate other mechanisms for the pathogenesis of epilepsy associated with clinical and experimental cortical dysplasias.
Another interesting finding has been the presence, in the somatosensory cortex of some irradiated brains, of well-formed vibrissae barrels. The formation of vibrissae barrels implies the ascending migration of specific granular cells up to layer IV, the arrival of specific thalamic fibers at this level, and their functional association at their destination. The occurrence of such complex developmental processes suggests that similar events could have occurred in other regions of the irradiated cortex and may explain its still recognizable structural organization. The presence of vibrissae barrels has not been previously recognized in irradiation-induced cortical dysplasia (33) . However, the preservation of layer IV (stria of Gennari), with both granular cells and specific thalamic fiber terminals, has also been described in the visual cortex of children who survived, for several years, severe perinatal shaken brain trauma (27) .
Previously unrecognized neuronal and microvascular alterations described in this Golgi-Cox study may provide new insights into the pathogenesis of the ensuing epilepsy associated with clinical and/or experimental developmental cortical dysplasias. Therefore, use of the Golgi method should be encouraged in the evaluation of developmental alterations involving neurons, fiber circuitry, intrinsic microvasculature, and glia in future studies of the altered corticogenesis that characterizes clinical and/or experimental dysplastic disorders.
